Magnetic resonance imaging (MRI) Brain metabolism Quantitative BOLD Hemoglobin oxygen saturation Asymmetric spin echo Velocity-selective spin-labeling A B S T R A C T Quantitative BOLD (qBOLD), a non-invasive MRI method for assessment of hemodynamic and metabolic properties of the brain in the baseline state, provides spatial maps of deoxygenated blood volume fraction (DBV) and hemoglobin oxygen saturation (HbO 2 ) by means of an analytical model for the temporal evolution of freeinduction-decay signals in the extravascular compartment. However, mutual coupling between DBV and HbO 2 in the signal model results in considerable estimation uncertainty precluding achievement of a unique set of solutions. To address this problem, we developed an interleaved qBOLD method (iqBOLD) that combines extravascular R 2 ʹ and intravascular R 2 mapping techniques so as to obtain prior knowledge for the two unknown parameters. To achieve these goals, asymmetric spin echo and velocity-selective spin-labeling (VSSL) modules were interleaved in a single pulse sequence. Prior to VSSL, arterial blood and CSF signals were suppressed to produce reliable estimates for cerebral venous blood volume fraction (CBV v ) as well as venous blood R 2 (to yield HbO 2 ). Parameter maps derived from the VSSL module were employed to initialize DBV and HbO 2 in the qBOLD processing. Numerical simulations and in vivo experiments at 3 T were performed to evaluate the performance of iqBOLD in comparison to the parent qBOLD method. Data obtained in eight healthy subjects yielded plausible values averaging 60.1 AE 3.3% for HbO 2 and 3.1 AE 0.5 and 2.0 AE 0.4% for DBV in gray and white matter, respectively. Furthermore, the results show that prior estimates of CBV v and HbO 2 from the VSSL component enhance the solution stability in the qBOLD processing, and thus suggest the feasibility of iqBOLD as a promising alternative to the conventional technique for quantifying neurometabolic parameters.
Introduction
Quantitative assessment of brain hemodynamics and metabolism provides important insights toward understanding brain function in health and disease. Positron emission tomography (PET) imaging with injection of radioactive tracers, generally regarded as the gold standard method for tissue oxygenation mapping, has demonstrated that cerebral oxygen metabolism is modulated in the presence of tumors (Ito et al., 1982) , stroke (Baron et al., 1984) , as well as neurologic disorders such as Alzheimer's disease (Ishii et al., 1996) , Parkinson's disease (Borghammer et al., 2010) , and Huntington's disease (Leenders et al., 1986) . However, the utility of the method is restricted because of ionizing radiation, high cost, and long imaging time.
Since 2000, several MRI-based non-invasive techniques for voxelwise quantification of cerebral oxygen saturation have been reported (An and Lin, 2000; Bolar et al., 2011; Guo and Wong, 2012; He and Yablonskiy, 2007) . Common to all is the modulation of the MR signal by deoxygenated blood. The various approaches reported fall into three categories, based on measurement of extravascular R 2 ʹ, intravascular R 2 , and local tissue susceptibility, respectively. The first among these, generally referred to as quantitative BOLD (qBOLD) (An and Lin, 2000; He and Yablonskiy, 2007) , utilizes an analytical model for the temporal evolution of free-induction-decay (FID) signals of water protons in the extravascular space (Yablonskiy and Haacke, 1994) . In this signal model, R 2 ʹ is a linear function of both deoxygenated blood volume (DBV) and hemoglobin oxygen saturation level (HbO 2 ). DBV is derived from the difference in signal amplitude at the spin echo (SE) time point between the measured signal and an extrapolated value using a fitted R 2 ʹ function.
Thus, to estimate the two parameters R 2 ʹ-sensitive signals are acquired along with a SE, for example, using gradient-echo sampling of SE (Yablonskiy, 1998) or gradient-echo sampling of FID and echo (Christen et al., 2014; Ma and Wehrli, 1996) . The second class of methods for brain oxygenation mapping obtains a spatial distribution of intravascular R 2 (¼ 1/T 2 ) which is converted to HbO 2 using a pre-determined T 2 -HbO 2 calibration curve (van Zijl et al., 1998) . Pertinent embodiments measure HbO 2 of the venous compartment of brain tissue (Bolar et al., 2011; Guo and Wong, 2012) , achieved by a combination of inversion-recovery (IR)-induced arterial blood nulling and velocity-selective spin-labeling (VSSL) (Guilfoyle et al., 1991) . A control scan with velocity encoding (VE) gradients turned off is also performed to eliminate signal contributions from static tissues, thereby isolating venous blood upon tag/control subtraction. Since the VSSL module is inherently T 2 -sensitive, T 2 of the labeled spins can be derived by collecting data over a range of T 2 -preparation times.
More recently, a third class of methods based on quantitative susceptibility mapping (QSM) has been introduced (Zhang et al., 2015) . Here, voxel susceptibility derived by QSM is modeled as a linear combination of volume-weighted susceptibilities in four compartments (deoxygenated arterial and venous blood, fully oxygenated blood, and non-blood tissue). Thereafter, two sets of QSM and cerebral blood flow (CBF) maps are obtained before and during an isometabolic challenge (e.g., caffeine intake (Zhang et al., 2015) , or hyperventilation-induced hypocapnia (Zhang et al., 2017) ) in order to obtain susceptibility contributions from non-blood sources and thereby enable estimation of voxelwise cerebral metabolic rate of oxygen (CMRO 2 ) of the entire brain using the Fick's principle (Zhang et al., 2015) .
Nonetheless, the parameter estimation in all techniques described above suffers from low measurement sensitivity due to the small volume fraction of the microvasculature (3-5%) relative to extravascular space in brain tissue. Furthermore, all of the above methods have inherent limitations in achieving reproducible oxygenation maps. In qBOLD, the two unknown parameters, DBV and HbO 2 , are mutually coupled in the signal model. Numerical and phantom studies have shown that very high image signal-to-noise ratio (SNR) is required for reliable separation of the two parameters (Sedlacik and Reichenbach, 2010; Sohlin and Schad, 2009; Wang et al., 2013) . In VSSL-based intravascular R 2 mapping, potential sources of estimation errors include labeling imperfections, signal contributions from undesired compartments such as cerebrospinal fluid (CSF), and a reliance on a previously determined, sequence parameter specific, calibration between blood T 2 and HbO 2 . Finally, the accuracy of QSM-based CMRO 2 estimation may be prone to errors in QSM estimates, a deviation of the assumed isometabolism of the stimulus, and uncertainties in some of the assumed relationships, for example, between cerebral blood volume (CBV) and CBF.
In this work, we conceived and implemented a voxelwise oxygenation mapping strategy by combining the extravascular R 2 ʹ and intravascular R 2 measurement techniques. The problems addressed herein include 1) improved estimation of qBOLD parameters (HbO 2 and DBV) based on their preliminary estimates and 2) enhanced venous selectivity of VSSL-based oximetry through CSF suppression. We hypothesize that some of the problems attendant to current qBOLD methods can be alleviated and therefore estimation accuracy improved if prior information for the model parameters is obtained. To this end, asymmetric spin echo (ASE) and VSSL modules were interleaved in a single pulse sequence (ASE-VSSL). Arterial blood and CSF signals were suppressed before the VSSL to produce reliable estimates of venous CBV fraction (CBV v ) as well as venous blood T 2 . Parameter maps derived from VSSL were employed to initialize DBV and HbO 2 in the qBOLD processing. Numerical simulations and in vivo experiments were performed to evaluate the performance of the proposed, interleaved qBOLD method (henceforth referred to as iqBOLD) in comparison to the conventional approach.
Theory

Principles of quantitative BOLD
The fundamental principle of qBOLD is to quantitatively analyze gradient-echo MR signals sensitive to deoxyhemoglobin (dHb) concentration in the brain to estimate both DBV and HbO 2 on a voxelwise basis. In the presence of randomly oriented and uniformly distributed blood vessels, the ASE signal in the extravascular tissue compartment (S t ), assuming further that molecular diffusion is negligible (i.e. in the static dephasing regime), can be represented by the following analytical form (Yablonskiy and Haacke, 1994) :
(1)
where τ is the temporal offset from TE 0 , TE 0 is the time point where SE and gradient echo (GRE) are produced concurrently (Fig. 3a) , T 2,t is the T 2 of brain tissue, ζ is the DBV, J 0 is the zero-order Bessel function of the first kind, and δω is the characteristic frequency, denoted by:
Further, γ is the gyromagnetic ratio, B 0 is the strength of the static magnetic field, Δχ 0 is the susceptibility difference between fully deoxygenated and fully oxygenated red blood cells (Δχ 0~0 .27 ppm in CGS units (Jain et al., 2012; Spees et al., 2001) ), and Y is the venous oxygen saturation (HbO 2 ). Both ζ and Y are jointly estimated by fitting a series of GRE and/or SE data to the model in Eqs.
(1)-(4). Alternatively, ζ and Y can be sequentially computed in two steps by rewriting f ðτ⋅δωÞ as quadratic and linear functions depending on its argument (Yablonskiy and Haacke, 1994) :
Then, FID signals decay at a rate of R ' 2 ¼ ζ⋅δω for τ ≫t c . Thus, the difference between an intercept of the R 2 ʹ fit at τ ¼ 0 and the measured SE signal yields ζ. Subsequently, the estimated R 2 ʹ and ζ are inserted into Eqs. (3) and (4) to calculate Y using R ' 2 ¼ ζ⋅δω. However, disentangling the two parameters, ζ and Y, in the above qBOLD model is prone to error, making it often challenging to achieve reliable parameter estimates, unless measurement SNR is sufficiently high (Sedlacik and Reichenbach, 2010; Sohlin and Schad, 2009; Wang et al., 2013) . Numerical simulations in Fig. 1 demonstrate the potential pitfalls of the conventional qBOLD processing. In Fig. 1a , parameter sensitivity of the qBOLD model is plotted using the normalized root mean squared error (NRMSE), defined by the following equation:
Here, ζ nom ¼ 3% and Y nom ¼ 60% were set as true, nominal values, producing the reference signal, S t (Fig. 1b) , and b S t is its estimate generated using a range of ζ (0.1%-10%) and Y (10%-90%). The distribution of NRMSE <1% over a wide range of both parameters suggests that there exists a strong correlation between ζ and Y in the model. Fig. 1c shows its exemplary consequence that even with a small level of noise (corresponding to SNR ¼ 100) the extracted parameters (ζ ¼ 1.3%, Y ¼ 20.5%) are entirely incorrect.
On the other hand, estimation accuracy of the qBOLD method could be enhanced if estimates for either DBV or HbO 2 were available a priori. For example, a multiparametric qBOLD approach, wherein T 2,t and CBV maps obtained from separate measurements were employed to solve only for HbO 2 using the qBOLD model, substantially improved reproducibility of HbO 2 estimates under various oxygenation conditions in the rat brain (Christen et al., 2011) , and subsequently in the human brain (Christen et al., 2012) . However, the injection of contrast agent for CBV estimation substantially limits the method's utility. Furthermore, misregistration of parameter maps from different imaging methods may result in inaccurate HbO 2 estimation.
Here, we developed the iqBOLD technique that incorporates an ASE-VSSL imaging module to obtain preliminary estimates of both DBV and HbO 2 from the VSSL component while yielding information to assist in the analysis of a time series of ASE signals using the qBOLD model. Specific details of the ASE-VSSL pulse sequence and the derivation of the CBV v and HbO 2 via VSSL are described in the following sections. Henceforth, the VSSL-derived parameters are referred to as 'priors' for qBOLD parameter estimation.
Integration of extravascular R 2 ʹ and intravascular R 2 mapping via ASE-VSSL The aim of the proposed pulse sequence is to integrate two different quantitative oxygenation imaging techniques, extravascular R 2 ʹ -and intravascular R 2 -based methods, by combining ASE and VSSL into a single pulse sequence. Fig. 2a-b shows a schematic of the proposed, combined ASE-VSSL approach and spatial selectivity of each component therein. Each time of repetition (TR) of the sequence is composed of six blocks to achieve: 1) sensitivity to dHb-induced modulations of tissue R 2 ʹ using ASE sampling, and 2) selective labeling of venous blood spins using VSSL. Furthermore, RF pulses for saturation, flip-down, and inversion are applied to respective spatial areas in a properly timed manner ( Fig. 2a and b) to suppress both arterial blood and CSF signals and thus ensuring exclusive labeling of venous blood in the VSSL module. Specific details on each imaging component and corresponding signal evolutions of various compartments ( Fig. 2c and d) are described below.
A spatially selective saturation RF pulse is applied to the distal slab that encompasses the imaging slice (Fig. 2b) . Following a saturationrecovery period (TS) of 1650 ms, the ASE block is applied, which consists of a pair of slice-selective 90 and 180 RF pulses, 90 phase-shifted relative to each other, followed by echo-planar-imaging (EPI) readout, leading to a SE formation at echo time (TE). Fig. 3 shows timing diagrams of the ASE imaging with differing SE time offset τ. In Fig. 3a , SE and GRE are produced concurrently (TE 0 ; τ ¼ 0), while in Fig. 3b the two echoes are separated in time (τ > 0) by shifting the refocusing RF pulse by τ/2 relative to that for τ ¼ 0. During a non-zero τ period, transverse magnetization decays at a rate of R 2 ʹ in addition to R 2 . Of note is that ASE signals acquired with varying τ values can be represented by a function of R 2 ʹ but with constant R 2 -weighting (Eq. (1)), thus enabling estimation of dHbdependent R 2 ʹ changes (Hoppel et al., 1993) . Additionally, three sets of projection signals are acquired in the readout direction during the interval between 90 and 180 RF pulses (Fig. 3) to correct for Nyquist ghost artifacts in ASE images, which result from a disparity between positive and negative frequency-encoding trajectories of the EPI readout. Since ASE and VSSL modules are separated by only about 1s, it is desirable to restore the remaining transverse magnetization at the end of the ASE acquisition to the z-axis by means of a driven-equilibrium (DE) 180º-90 pulse pair (Van Uijen and Den Boef, 1984) to maximize SNR.
However, DE also enhances the signal from CSF populations that reside within the imaging slice during the time interval between the saturation RF pulse and the VSSL (Fig. 2d ). Since CSF is continuously circulating at a speed within the range of the velocity selectivity, it may be labeled by the VSSL, leading to contamination of venous blood targeted images, therefore requiring CSF signal suppression. To accomplish this, instead of a 90 DE restoration pulse (which would require a 180 phase shift relative to the initial 90 pulse) a flip-down RF pulse was employed to make the in-slice CSF magnetization aligned anti-parallel to the longitudinal direction, eventually becoming nulled at the onset of VSSL (Fig. 2d ). The rephasing RF pulse (second 180 ) is shifted by τ/2 in ASE imaging with non-zero τ values (Fig. 3b) , while the spacing between the two 90 RF pulses (T ASE ) is fixed over multiple ASE acquisitions to maintain the level of transverse magnetization each time the flip-down RF pulse is played out. Additionally, crusher gradients on either side of the two 180 RF pulses are sign-reversed to spoil magnetization in non-SE pathways, which otherwise would interfere with the fully rephased SE signal.
Immediately after the flip-down pulse, a spatially selective inversion RF pulse is applied to the proximal slab ( Fig. 2a and b) to null the arterial blood signal at time TI~1150 ms following inversion (Fig. 2c) . At this time, CSF water proton spins in the imaging slice, originating from various spatial locations, differ in their RF pulse history. Under the assumption that CSF flow is not tortuous, three different populations of CSF may be considered: 1) in-slice CSF that stays within the slice during the entire TR period, 2) downward moving CSF from regions superior to the imaging slice, and 3) upward moving CSF from locations inferior to the imaging slice. Longitudinal magnetization of population 1 (in-slice) is nulled by the effect of the flip-down module as described above, while populations 2 (down-flow) and 3 (up-flow) are roughly equal in signal magnitude but of opposed polarity (Fig. 2d ), leading to CSF signal and SNR ¼ 100 (c), corresponding to gray and black dotted lines in a. Note that in a parameter combinations yielding NRMSE <1% exist over the entire ranges of ζ and Y, suggesting that there is a strong correlation between the two parameters in the qBOLD model. As a result, a small amount of measurement noise (SNR ¼ 100) leads to substantial errors in the parameter estimation (c).
cancellation. Due to its proximal spatial selectivity, the inversion pulse has no effect on static brain tissues or venous blood; therefore signals from those two compartments remain at the time of the subsequent VSSL application (Fig. 2c) .
Estimation of CBV v and HbO 2 via VSSL
The successive application of saturation, ASE, flip-down, and inversion modules to respective spatial areas in properly chosen times allow for selective labeling of venous blood. The VSSL module consists of 90
x -180 y -180 y -90 -x based T 2 -preparation RF pulses and VE gradients inserted on either side of each refocusing RF pulse with alternating polarity (Norris and Schwarzbauer, 1999) . To minimize signal distortions potentially resulting from eddy currents and B 0 and B 1 inhomogeneities, pairwise adiabatic hyperbolic secant (AHS) refocusing RF pulses are employed (Reese et al., 2003; Wong et al., 2006) , followed by GRE-EPI readout (Fig. 2a) .
In a control scan with the VE gradients turned off, both venous blood and brain tissue compartments contribute to a voxel signal (S con ):
Here, C accounts for hardware-related voxel scaling, M À z;t and M À z;v represent longitudinal magnetization of brain tissue and venous blood, respectively, immediately prior to VSSL. T VSSL is the duration of the VSSL block (i.e., the interval between the two 90 RF pulses at the beginning and end), and T 2,v represents T 2 of venous blood. In a tag scan, if it is assumed that the VSSL with a cutoff velocity (V c ) yields complete saturation of venous blood signals, the corresponding voxel signal (S tag ) can be expressed as: . At the start of the ASE acquisition, a 90º x excitation RF pulse transfers the residual longitudinal magnetization into the transverse plane, whereupon the magnetization decays as a function of T 2 during the time period of T ASE . At the end of the ASE pulse train and rephasing of the spins (see Fig. 3 ), another slice-selective 90º x RF pulse rotates the remaining transverse magnetization onto the -M z axis. After the tip-down pulse, a slab-selective inversion pulse inverts arterial blood and CSF originating from the proximal location. The longitudinal magnetization then recovers as a function of T1 during TI. At time t ¼ TS þ T ASE þ TI (time VSSL module is launched) both arterial blood and in-slice CSF signals are nulled while the magnetizations from CSF water spins having entered the slice due to upward and downward flow cancel each other. Note that if a flip-up pulse (as in driven equilibrium) were applied after the ASE readout, in-slice CSF would provide substantial (undesired) signal intensity (indicated by CSF*).
The control-tag difference (Eq. (7) and Eq. (8)) yields:
Multiple pairs of control/tag data collected by stepping T VSSL enable estimation of T 2,t and T 2,v . By employing the relationship between blood T 2 and HbO 2 (van Zijl et al., 1998; Wright et al., 1991) , HbO 2 is derived from the measured T 2,v . The estimated HbO 2 (Y VSSL ) is then set as an initializer for HbO 2 in the qBOLD processing.
The normalization of S diff to S con yields:
At a 3.0 T field strength, it is reasonable to assume T 2;v % T 2;t (Lu and Ge, 2008; Wansapura et al., 1999) . Furthermore, the numerical Bloch equation simulation using the chosen parameters (TS ¼ 1650 ms, T ASE ¼ 130 ms, TI ¼ 1150 ms) indicates M À z;t % M À z;v for both gray matter (GM) and white matter (WM) (Fig. 2c) , allowing Eq. (10) to be approximated as:
Since blood containing dHb predominantly resides in the postcapillary venules and veins, it is conjectured that CBV v from Eq. (11) serves as a valid initial point for DBV estimation in the qBOLD processing. The validity of the two assumptions above and their impact on the accuracy of CBV v estimation is evaluated in Supplementary Material.
The sequence configuration of tag/control VSSL pair in the present work is similar to QUIXOTIC (Bolar et al., 2011) , but differs from the velocity-selective excitation and arterial nulling (VSEAN) approach (Guo and Wong, 2012) . Tag and control modules in the present work (or QUIXOTIC) employ an identical structure of RF pulses but with VE gradients switched on and off, allowing for simple subtraction based venous blood selection. In contrast, those in VSEAN are balanced in the VE gradients to minimize labeling errors due to water diffusion while the last 90 RF pulse is phase shifted by 90 to each other to select venous blood spins based on a phase-sensitive reconstruction (Guo and Wong, 2012) .
Methods
Numerical simulations
To investigate the estimation uncertainty of the qBOLD method and to examine possible improvement with prior knowledge of unknown parameters, Monte Carlo (MC) simulations were performed across a range of noise levels with standard deviations (SD) from À7 to À3 in a natural log scale (corresponding to SNR~1100-20) . Each simulation at a specific noise level was performed with the following steps: 1) Given a set of parameter combinations, a time series of ASE signals was calculated using Eqs. (1)- (4), 2) Gaussian noise with a given SD was added to the ASE signals, 3) both ζ (DBV) and Y (HbO 2 ) were extracted from the noisy data, 4) steps 1-3 were repeated 10,000 times independently, and 5) apparent SNR of ζ (SNR ζ ) and Y (SNR Y ) were calculated by taking the ratio of the mean of each parameter estimate to its SD from the 10,000 simulations. All simulations were implemented in Matlab (MathWorks Inc., Natick, MA). Nonlinear least-square curve fitting was employed in step 3 with the boundaries for fitting parameters set to: 0.1% ζ 20% and 10% Y 90%. Simulation parameters were: number of ASE signals ¼ 12, τ increment ¼ 3 ms (τ ¼ 0, 3, …, 33 ms), Hct ¼ 0.38, Y nom ¼ 65%, and ζ nom ¼ 3%.
The accuracy of estimated parameters in the following three cases was compared using the MC simulations: 1) both ζ and Y estimation without any priors (conventional qBOLD), 2) ζ estimation in the presence of Y prior, and 3) Y estimation given ζ prior. Initializers for the two unknowns were determined via the R 2 ʹ fitting based sequential approach as described in section 2.1, while in the simulations 2 and 3 it was assumed that priors have no errors and were fixed to their nominal values.
To investigate the effect of errors in the VSSL-derived parameters on the qBOLD parameter estimation, the MC simulations assuming a measurement SNR of 150 were performed by taking errors in each of Y and ζ priors into account for the three values of Y nom (55%, 65%, 75%) and ζ nom (1%, 3%, 5%), respectively. Errors in each prior with respect to its corresponding nominal value were varied from À30% to 30%. In each set of the simulations, one of either Y or ζ was estimated from the qBOLD method while fixing the other parameter to a biased value as prior information. Subsequently, a difference between each parameter estimate and its nominal value was calculated and averaged over 10,000 MC simulations to yield an estimation error.
Experiments
All experimental studies were approved by the Institutional Review Board of the University of Pennsylvania. Informed written consent was obtained from all study subjects (n ¼ 8; four males; age (mean AE SD) ¼ 32 AE 10 years) before data collection at 3 T (Tim Trio; Siemens Medical Solutions, Erlangen, Germany). A 12-channel head coil was used for signal reception. Following a short head scout scan, a sliceof-interest immediately above the corpus callosum (Fig. 2b) was chosen in all study subjects for the ASE-VSSL imaging.
Hemoglobin concentration was measured via a finger stick test using HemoCue Hb 201 þ (HemoCue, € Angelholm, Sweden) and was converted to capillary bed Hct by multiplying by 2.5. Here, the mass concentration of hemoglobin in a red blood cell of 0.34 g/ml was assumed (Hoffman et al., 2013) along with a scaling factor of 0.85 for Hct in microvascular compartments (Eichling et al., 1975) .
The proposed ASE-VSSL pulse sequence was implemented in SequenceTree (Magland et al., 2016) . Unless otherwise stated, the following imaging parameters were used for ASE-VSSL: TR ¼ 3000 ms, TS ¼ 1650 ms, TI ¼ 1150 ms, FOV ¼ 240 Â 240 mm 2 , slice thickness ¼ 6 mm, matrix size ¼ 64 Â 64, phase partial Fourier ¼ 6/8, readout bandwidth ¼ 3125 Hz/pixel, and EPI inter-echo spacing ¼ 620 ms. Twelve sets of ASE signals were acquired with TE 0 ¼ 51 ms and echo offset incremented in steps of 3 ms, yielding images corresponding to τ ¼ 0, 3, …, 33 ms. Sampling of ASE data with longer τ values would enhance the SNR of the R 2 0 estimation at the cost of decrease in its SNR efficiency (Stone and Blockley, 2017) . Additionally, ASE images with longer τ are prone to susceptibility-induced signal distortions in air-tissue interfacial regions, which may lead to errors in the parameter estimation. A pair of tag and control VSSL scans using a V c of 2 cm/s with a fixed T VSSL value was alternately applied following each set of ASE acquisitions. The entire ASE-VSSL pulse sequence was iterated four times with T VSSL ¼ 30 ms, 60 ms, 90 ms, 120 ms by increasing the number of AHS refocusing RF pulses while keeping the inter-echo spacing (interval between any two neighboring AHS RF pulses) constant at 15 ms. Total imaging time was 9 min 36 s with two signal averages.
Data were additionally acquired using a 3D dual-echo GRE pulse sequence and a B 0 field map was obtained for correction of macroscopic field inhomogeneities in ASE signals while high-resolution magnitude images from the same dataset were used as a structural reference in analyzing quantified parameter maps. 
Data processing
High-resolution brain images acquired with the dual-echo GRE sequence were segmented into GM, WM, and CSF using the FAST software package (Zhang et al., 2001 ). The resultant probability maps of GM and WM regions were registered to the low-resolution ASE image for τ ¼ 0 ms using the rigid-body transformation of the high-to low--resolution images, calculated in the FLIRT pipeline (Jenkinson and Smith, 2001) . Thresholding was applied to the registered probability maps at a level of 0.6 and 0.9 to produce binary GM and WM masks, respectively. All processing steps described below were implemented in Matlab.
VSSL
Prior to the estimation of T 2,t and T 2,v maps from acquired tag/control VSSL datasets, the prescribed nominal values for T VSSL (30 ms, 60 ms, 90 ms, 120 ms) were adjusted to take into account relaxation during the long AHS RF pulse (~10 ms). The adjusted T VSSL values (28.1 ms, 56.2 ms, 84.4 ms, 112.7 ms) were derived via numerical simulation of Bloch equation using venous blood T 1 and T 2 of 1660 and 70 ms, respectively (Lu et al., 2004; Lu and Ge, 2008) .
Tag/control images for each T VSSL were corrected for rigid-body motion, pairwise subtracted in magnitude, and averaged over multiple acquisitions. Gaussian smoothing was applied to the subtracted images with a 3 Â 3 kernel size. Mono-exponential fitting of the data was performed on a voxel-by-voxel basis using Eq. (9), yielding a T 2,v parameter map. Spatial distribution of HbO 2 was obtained from the estimated T 2,v by using the calibration curve pertaining to inter-pulse interval of 15 ms and a 3 T field strength (Lu et al., 2012) . Voxelwise CBV v , calculated using Eq. (11), was averaged over segmented GM and WM regions and tabulated along with HbO 2 averaged over the entire imaging slice and in the superior sagittal sinus (SSS) in the eight subjects.
To investigate the effect of CSF suppression on the reliability of T 2,v estimation, two sets of data were acquired in one subject using the proposed pulse sequence: one with a flip-down RF pulse and one with a flipup RF pulse at the end of the ASE module (Fig. 3) . Note that the flip-up pulse would lead to retention of the in-slice CSF signal and cause CSF contamination of venous blood targeted images (Fig. 2d) . Each of the two data sets was processed as follows: Given a pair of control and tag images for T VSSL ¼ 30 ms along with their difference, voxels located within the SSS, WM, and GM/CSF interface (inter-hemispherical region) were chosen as regions-of-interest (ROIs). For each of the three ROIs, measured data at the four T VSSL points and corresponding T 2,v fit were plotted. Estimated T 2,v in each ROI was compared with that in the SSS which served as a reference for an average venous oxygen saturation level in the entire brain (Jain et al., 2010; Rodríguez-Soto et al., 2017) . qBOLD processing ASE images with varying τ were smoothed using the same Gaussian filter described above. As described in (He and Yablonskiy, 2007) , macroscopic magnetic field inhomogeneity was estimated by low-pass filtering the B 0 field map using a quadratic polynomial function. Signal attenuation along time due to the estimated macroscopic field inhomogeneity was then calculated in each voxel and demodulated from measured ASE signals. Subsequently, the extravascular signal model in Eqs. (1-4) was fit to the measured data in a voxelwise fashion using nonlinear least-square curve fitting, yielding both DBV and HbO 2 maps. Additionally, SNR of GM (SNR GM ) and WM (SNR WM ) ROIs was calculated on an acquired ASE image at τ ¼ 0 ms by dividing a mean signal intensity of each ROI by SD of background noise.
To investigate the effect of priors derived from the VSSL, qBOLD processing was performed in four different ways with: no priors (conventional approach), HbO 2 prior only, DBV prior only, and both HbO 2 and DBV priors (proposed method). In the conventional qBOLD processing, initializers for the two unknowns were determined by the following steps: 1) R 2 ʹ fitting to temporal evolution of ASE signals was performed, 2) the difference between its extrapolation at τ ¼ 0 ms and a corresponding signal measurement was calculated to yield an initial estimate of DBV (ζ), 3) HbO 2 (Y) was initialized using the relation R (4), and 4)) those substantially deviating from the solution boundaries (30% Y 90% and 0.1% DBV 20%) were corrected to HbO 2 ¼ 65% and DBV ¼ 3%, respectively. In the proposed iqBOLD processing, the CBV v and Y VSSL maps estimated from the VSSL were employed to initialize the two fitting parameters with the bounds restricted to: max(30%, 0.7⋅Y VSSL ) Y min(90%, 1.3⋅Y VSSL ) and 0.1% DBV 3⋅CBV v , while the Y VSSL in the SSS was used to initialize brain voxels with HbO 2 deviating from the bounds (30% Y VSSL 90%). Here, a low SNR induced bias in the Y VSSL estimation was assumed to be 30%. Furthermore, considering several possible sources of CBV v underestimation as discussed in the section of Discussion and Conclusions, a relatively high scale factor (¼3) was empirically chosen in the upper bound of DBV. Extracted DBV and HbO 2 in each voxel were averaged over GM and WM masks and over the entire imaging slice, respectively, in the eight study subjects and tabulated for quantitative comparison between the conventional and proposed approaches. Fig. 4a-b shows SNR ζ (Fig. 4a) and SNR Y (Fig. 4b) with increasing noise SD from À7 to À3 in a natural log scale, comparing the performance of the qBOLD parameter estimation without and with prior information. Compared to the parameter estimation in the absence of priors, employing either of the two parameters known a priori leads to much higher SNR ζ and SNR Y over the entire range of noise levels. Fig. 4c-d plots errors of ζ and Y estimation, resulting from errors in the Y and ζ priors ranging from À30% to 30%, respectively. In the given error ranges of each prior, the estimation errors in ζ change rapidly from À60% to over 100% (Fig. 4c) while those in Y varies slowly in a range between À20% and 10% (Fig. 4d) , implying that the Y quantification is relatively insensitive to errors in the ζ prior as well as to different ζ nom values. It is also noted that the Y estimation given a ζ prior ( Fig. 4b and d ) yields much lower errors than the DBV quantification with a Y prior ( Fig. 4a and c) .
Results
Numerical simulations
Experiments VSSL Fig. 5 shows the effectiveness of the proposed flip-down RF pulse in suppressing CSF signals in VSSL images. The use of a flip-up RF pulse at the end of the ASE imaging causes CSF signals to remain in both control and tag VSSL images ( Fig. 5a and b) , resulting in a significant discrepancy between the measured T 2,v in the SSS and GM/CSF interfacial voxels (Fig. 5d) . In contrast, the proposed flip-down module leads to effective suppression of CSF signals in VSSL images (Fig. 5e and f) , thereby yielding the T 2,v measurements in the above two ROIs close to each other as one would expect (Fig. 5h) . Fig. 6 shows four sets of VSSL images in the control (Fig. 6a) and tag (Fig. 6b) scans, and the subtraction (Fig. 6c) for four T VSSL times, and the derived maps of T 2,t (Fig. 6d) , T 2,v (Fig. 6e) , and Y VSSL (Fig. 6g) using the calibration curve for ESP ¼ 15 ms and Hct ¼ 0.39 (Fig. 6f) . Table 1 provides voxel-averaged CBV v in GM and WM regions and Y VSSL averaged over the entire imaging slice and in the SSS in the eight volunteers. qBOLD processing Fig. 7a -c represents input images to the proposed iqBOLD processing:
ASE image acquired with τ ¼ 0 ms (Fig. 7a ), CBV v ( Fig. 7b ) and Y VSSL prior ( Fig. 7c) maps extracted from the VSSL data. In Fig. 7a , measured SNR GM and SNR WM were 195 and 168, respectively. Fig. 7d shows the measured ASE data in GM and WM ROIs and corresponding fits of signal amplitudes to Eq. (1-4). Fitting residuals (Fig. 7g ) remain within 0.5% of the measured data. Quantitative maps of DBV and HbO 2 , produced using the iqBOLD method (prior maps in Fig. 7b -c were employed), are shown in Fig. 7e -f, along with their histograms over the entire imaging slice (Fig. 7h-i) . For both priors and final estimates, contrast between GM, WM, and large veins (inferior and superior sagittal sinuses) is clearly seen in the DBV maps ( Fig. 7b and e) , but not visible in the HbO 2 maps (Fig. 7c  and f) . Fig. 8 compares four sets of DBV and HbO 2 maps for which the preestimates derived from the VSSL component (Fig. 8b) are utilized in three different ways in the qBOLD processing: no priors (Fig. 8c) , HbO 2 prior only (Fig. 8d) , DBV prior only (Fig. 8e) , and both HbO 2 and DBV priors (Fig. 8f) . In Fig. 8a , a high-resolution T 1 -weighted image is shown for structural reference. Measured SNR GM and SNR WM for the ASE image with τ ¼ 0 ms were 151 and 129, respectively. Quantification without any priors (i.e. conventional qBOLD), results in physiologically implausible values in many regions (Fig. 8c) . However, the iqBOLD method, which includes both priors in processing, yields a clear depiction of GM/WM contrast in the DBV map and the expected, relatively homogeneous HbO 2 distribution (Fig. 8f) . The comparison between Fig. 8d -e also suggests that a DBV prior is more effective than the use of an HbO 2 prior in the qBOLD processing, which is consistent with the simulation results ( Fig. 4c and d) . Table 2 lists regional means and SDs of DBV and HbO 2 estimates from the conventional and proposed qBOLD methods in the eight study participants. Statistical comparison using a two-tailed, paired t-test indicated that the two techniques yielded significantly different DBV for GM (p ¼ 0.049) and WM (p ¼ 0.023) and HbO 2 in the brain (p ¼ 0.012). It is also noted that with the flip-up preparation the estimated T 2,v in the GM/CSF interfacial area is much higher than that in the SSS whereas with the proposed flip-down method the three ROIs are in much better mutual agreement (d,h). Fig. 6 . a-c: VSSL images in control (a), tag (b), and difference after spatial smoothing (c) acquired for the various T VSSL (30, 60, 90, 120 ms) in a representative subject. d-g: estimated parameter maps for T 2,t (d), T 2,v (e), and Y (g) using the calibration curve shown in (f). Note that the tag/control difference (c) leads to high signal intensity in large venous blood vessels inside (inferior and superior sagittal sinuses) and outside (superficial temporal and supra-orbital veins) the brain.
Discussion and conclusions
This work introduces an MRI-based, regional neurometabolic parameter estimation strategy that incorporates extravascular R 2 ʹ and intravascular R 2 mapping techniques. In the proposed iqBOLD method, ASE and VSSL imaging components, which allow measurement of R 2 ʹ and R 2 relaxation parameters, involve flip-down and slab-inversion RF pulses for effective suppression of signals from both CSF and arterial blood in VSSL images. In this manner, venous blood is exclusively targeted via the VSSL, leading to reliable estimation of T 2,v as shown in Fig. 5 . Furthermore, in the iqBOLD processing for extraction of DBV and HbO 2 from a series of ASE signals, both CBV v and HbO 2 estimates from tag/control VSSL images serve as effective initializers for the two parameters, thereby alleviating their coupling induced estimation uncertainty, which otherwise is shown to yield physiologically implausible values, as demonstrated in Fig. 8 and Table 1. The VSSL-based, group-averaged CBV v values (1.4 and 0.7% for GM and WM; Table 1 ) are lower than results obtained by hyperoxia-based BOLD (2.2 versus 1.3% for GM and WM) (Blockley et al., 2013) and DBV derived with iqBOLD (3.1 and 2.0% for GM and WM; Table 2 ). A thorough analysis of the CBV v estimation of the proposed method is needed to evaluate the origin of the discrepancy. A possible explanation is that S diff (Eq. (9)) from the tag/control VSSL scans only captures venous blood flowing faster than the cutoff velocity (V c ¼ 2 cm/s), and thus may miss a portion of slowly moving post-capillary venules. To label as much venous blood water spins as they may exist, a V c value set close to capillary blood velocities (≪ 1 cm/s) would seem desirable. However, since V c is inversely proportional to the moment of velocity encoding gradients, decreasing V c down to a level of capillary blood velocities would exceed the scanner's maximum gradient amplitude in a limited time period of the VSSL preparation. In addition, a lower value of V c would cause signal loss due to enhanced water diffusion, thus compromising the accuracy of CBV v estimation. Prior work, however, suggests that diffusion attenuation is tolerable in the difference image of tag/-control VSSL for V c ! 2 cm/s Wu and Wong, 2006) . Further, CBV v underestimation may be attributed to fractions of venous blood entering the imaging slice after the application of the ASE and flip-down modules. The longitudinal magnetization from these spins then violate the approximation, M À z;t % M À z;v , made in deriving Eq. (11) from Eq. (10). Additionally, the second approximation, T 2;v % T 2;t , in the CBV v estimation may also not be valid in some regions, as is evident from the comparison between Fig. 6d -e, thereby causing systematic errors in estimated CBV v (see also Supplementary Material). Nevertheless, CBV v maps provide clear distinction between GM and WM voxels ( Fig. 7b and Fig. 8b ), as expected since GM has approximately twice the blood volume fraction compared to WM (Leenders et al., 1990) . Therefore, while the derivation of CBV v from VSSL may possess several sources of systematic errors as stated above, it still plays a critical role in stabilizing the DBV estimation during the qBOLD processing as is suggested in Fig. 8 .
Multiple pairs of tag/control VSSL data acquisitions also provided preliminary estimates of Y VSSL on a voxelwise basis. Mean Y VSSL estimates of 63.3% and 60.3% for the entire imaging slice and the SSS, respectively, averaged across the eight study participants (Table 1) , are more realistic than those (73% for GM) obtained using the QUIXOTIC method (Bolar et al., 2011) . One cause of the possible overestimation of HbO 2 by QUIXOTIC, which is inferred from Fig. 5 , likely is CSF signal contributions to venous blood targeted images and consequential overestimation of T 2,v . Here, the proposed ASE-VSSL pulse sequence's three-step preparation (saturation, flip-down, and inversion) makes it possible to label venous blood exclusively in the VSSL images with both CSF and arterial blood nulled, leading to reliable HbO 2 estimation. Indeed, the measured Y VSSL values in Table 1 are comparable with previous reports of HbO 2 in the SSS, 64% and 64.8%, measured using susceptibility-based oximetry (Jain et al., 2010) and T 2 relaxation under spin tagging (Lu and Ge, 2008) techniques, respectively. Nevertheless, the VSSL-derived HbO 2 estimation here inherits all potential sources of errors in intravascular R 2 mapping based oximetry described in the Introduction. Particularly, due to a very low volume of venous blood in brain tissue the method is inherently noisy. In fact, Y VSSL in approximately 14% of brain voxels deviated substantially from a reasonable range (30% HbO 2 90%) while that in the SSS was stably estimated over all subjects' data in the present work. For brain voxels with erroneous Y VSSL values, priors were thus set to Y VSSL in the SSS during qBOLD processing.
The iqBOLD method yielded group-averaged venous HbO 2 estimates of 60.1% (Table 2) , which is equivalent to oxygen extraction fraction (OEF) of 38.7% if an arterial oxygen saturation level of 98% is assumed. Such OEF values are in good agreement with those measured using calibrated BOLD employing a combination of hyperoxic and hypercapnic respiratory challenges with relevant signal models; (Bulte et al., 2012) , (Wise et al., 2013) , and (Gauthier et al., 2012) reported mean OEF values of 38%, 37-50%, and 35%, respectively. In the multiparametric qBOLD approach (Christen et al., 2012) , total CBV was separately measured by combining arterial spin labeling and dynamic susceptibility contrast (DSC) techniques for the determination of HbO 2 using the qBOLD model. (Tables 1 and 2 , subject 2). a: A high-resolution T 1 -weighted image for anatomical reference. b-f: a pair of DBV and Y maps derived from the VSSL module as priors (b) and qBOLD processing using no priors (c; conventional method), the Y prior-only (d), the DBV prior-only (e), and both the Y and DBV priors (f; proposed method). Note that conventional approach results in physiologically implausible DBV estimates in many voxels (c) whereas the proposed method yields clear depiction of GM/WM contrast in the DBV map (f). Note also that using DBV prior (e) enables more stable parameter estimation than the Y prior alone (d), which is consistent with the simulation results ( Fig. 4c and d) . p-values from two-tailed, paired t-tests: 0.049 (b), 0.023 (c), and 0.012 (d). a Conventional qBOLD, when compared with the iqBOLD method, results in physiologically implausible DBV values in the subjects marked, leading to higher mean and variability (SD) of the parameters over the subjects.
In distinction to the DBV parameter in Eq. (1), total CBV measured with the DSC method encompasses all blood vessels within a voxel. Given that approximately 60% of the total blood volume in the cerebral vascular system contains dHb (He and Yablonskiy, 2007; Moskalenko et al., 2013) , CBV measurements of 5.5% (GM) and 3.5% (WM) reported in (Christen et al., 2012) are equivalent to DBV values of 3.3% (GM) and 2.1% (WM), respectively, which agree well with those obtained from the iqBOLD method, 3.1% (GM) and 2.0% (WM) in Table 2 .
While significantly alleviating the uncertainty of qBOLD parameter estimation, the present implementation of iqBOLD is limited to providing single-slice information. A straightforward extension to multi-slice or 3D is one option, albeit at the cost of increased scan time in proportion to the number of partitions. Yet, given the results of numerical simulations (Fig. 4) and experiments ( Fig. 8d and e) comparing the effectiveness of providing priors of HbO 2 and DBV to the qBOLD processing, it is implied that compared to the DBV prior (CBV v ) preliminary estimation of HbO 2 using four pairs of tag/control VSSL scans only marginally improves the solution maps, and therefore could possibly be skipped to reduce the imaging time by a factor of four, while still providing sufficient information for the DBV prior. An initial guess for HbO 2 could then be set as a nominal value with its range bounded between physiologically plausible values (e.g., 55% HbO 2 75%). The spatial distribution of HbO 2 in the normal brain is relatively flat, however in the presence of abnormalities such as tumors or stroke, this approach would return inaccurate solutions in pertinent regions where brain hemodynamics and metabolism are significantly perturbed.
Alternatively, simultaneous multi-slice imaging techniques (Feinberg and Setsompop, 2013) could be incorporated to achieve quantification of the hemodynamic parameters in two or more slices at no expense in added scan time. This modification would require the slice-selective RF pulses and following EPI readouts in the ASE-VSSL pulse sequence to be adjusted to multi-band RF pulses and blipped gradients along both phase-encoding and slice directions (Setsompop et al., 2012) . Subsequently, data redundancy in multiple receiver coils can be exploited to disentangle overlapping slices in image reconstruction (Cauley et al., 2014) . However, the coil geometry-factor-induced SNR penalty in resolved slices may result in quantification errors during the qBOLD processing. Thus, further investigation on the combination of iqBOLD with the simultaneous multi-slice imaging would appear to be warranted.
In conclusion, we investigated the feasibility of the iqBOLD method in improving estimation accuracy of DBV and HbO 2 via a combination of conventional, extravascular R 2 ʹ mapping based qBOLD with a VSSL-based venous R 2 measurement technique. Venous blood is exclusively targeted in the VSSL images by suppressing both arterial blood and CSF signals, enabling estimation of CBV v and HbO 2 . Nevertheless, the VSSL-derived parameters are prone to both systematic and random errors as discussed above, and thus may limit their utility in practice. The results suggest that such priors serve as effective initializers for the unknown qBOLD parameters to lower estimation uncertainty in solving the qBOLD problem (as opposed to simply using a physiologically plausible initial guess). While being a promising alternative to conventional qBOLD, the proposed method is currently single-slice, and thus needs further improvement to measure neurometabolic parameters over expanded brain regions.
